In many drinking water treatment facilities with an activated carbon (AC) purification step, polar and hydrophilic molecules are substances of concern. Many of the current test methods for AC do not really reflect AC's adsorption capacity for these substances. To develop a fast and economically reasonable parameter that characterizes AC's ability to remove these compounds, three substances, namely diclofenac, nitrobenzene, and diatrizoate were investigated as test substances. A test set of different AC samples was created by reactivating an exhausted AC in three different ways. Additional 
INTRODUCTION
Activated carbon (AC) adsorption has been used in drinking water treatment for decades to meet varying challenges.
Whereas the primary goal was the removal of residual chlorine and the improvement of the organoleptic properties of the water, the objectives of AC use in Germany have shifted since then (Worch ). For about 30 years, AC has increasingly been used to remove a variety of organic micropollutants. Depending on the specific location, these micropollutants can include chlorinated hydrocarbons, crop protection products, perfluorinated compounds, and pharmaceuticals (Kaplan ; Richardson & Ternes ) .
Hence, AC adsorption can be seen as an essential step in the production of safe and esthetic drinking water, especially in a highly developed country like Germany, where the combination of a dense and aging population (increased drug use) with a high grade of industrialization leads to intensive use of the available water resources.
For an economically reasonable choice and a sustainable application of AC, it is important to have tools for the description of the adsorption properties on hand. An essential question to be answered is: which parameters are suitable to describe the performance in drinking water treatment regarding:
• substances of concern/micropollutants; • the performance after reactivation/regeneration.
As the AC used in the municipal water treatment plants in Düsseldorf, Germany, is granular activated carbon (GAC) in fixed bed filters, this article deals specifically with the characterization of GAC.
To choose a GAC type for a specific application, it is recommended to perform pilot-scale fixed bed filter tests.
As these tests can be performed with the raw water that has to be treated later on and the original particle size of the GAC, they are a valuable and frequently applied tool (Table 1) , these often do not reflect the site-specific treatment situation.
Many drinking water treatment facilities in Germany are facing the problem that their 'substances of concern' are polar, hydrophilic organic molecules. Detailed reviews analyzing the occurrence and importance of specific contaminants are available in the literature (Kaplan ; Richardson & Ternes ) . It should be noted that the occurrence of these substances in the raw water is not an exclusively German problem but a challenge in many densely populated areas of the world facing anthropogenically influenced raw water sources (Focazio et al. ; Heeb et al. ; Kuzmanovic et al. ) . Polar and hydrophilic substances can significantly shorten the lifetime of AC filters due to their poor adsorption behavior on the hydrophobic surface of ACs. Consequently, the adsorption performance of an AC in regard to these substances is of particular importance. The main objective of this study was, therefore, to find a parameter that reflects AC's ability to remove these compounds, with specific regard to compounds present in the raw water of the municipal water treatment facilities of Düsseldorf, Germany. This parameter should be quickly measurable, reproducible, and economically reasonable.
MATERIALS AND METHODS
To find a suitable parameter, it was first checked which substances are frequently present in the raw water in Düsseldorf. Based on this analysis, a relatively good adsorbable substance (diclofenac) and a poorly adsorbable substance (diatrizoate) were selected as test substances.
Nitrobenzene was also included as a test substance in the analysis program because it is recommended as a test substance in the German guidelines for the testing of AC for water treatment (DVGW ).
For a systematic survey of all three test substances with regards to their ability to characterize the AC used in Düssel-dorf, a test set of three different AC samples was created.
These samples were obtained by splitting a complete exhausted filling of a full-scale AC filter into three parts.
Each part was reactivated/regenerated under different conditions, which yielded three different AC samples. The following different tests were performed with these AC samples:
• adsorption isotherms using diclofenac, diatrizoate, and nitrobenzene (concentration range mg/L);
• single point adsorption tests using diclofenac and diatrizoate (concentration range μg/L); • experiments in a pilot-scale fixed bed filter using real raw water and measurement of diatrizoate breakthrough.
Based on the results obtained by the examinations described above, it was decided to perform adsorption isotherms in the concentration range mg/L for nitrobenzene and diatrizoate on a larger set of AC samples. These samples were obtained by sampling different depths of a full-scale AC filter; in the following they will be called 'depth-samples'.
Samples from four different layers of the filter bed were taken every 3 weeks during operation of the filter. The migration of the mass-transition zone through the filter bed causes different residual adsorption capacities in the different filter layers. By sampling different depths of the filter it was possible to: (1) evaluate the residual adsorption capacity in the different layers, and (2) compare the sensitivity of the two test substances. This is, to our knowledge, the first time that a full-scale AC filter for drinking water production was sampled in this detailed manner.
Water treatment facilities in Düsseldorf
The three municipal water works of Düsseldorf, Germany, supply about 600,000 inhabitants of the city and its suburban municipality with drinking water, therefore relying on a mixture of river bank filtrate from the river Rhine ( Table 2 . 
Adsorption isotherms
For the performance of so-called 'Bottle Point Isotherm Tests' (see ASTM D28 for a general description of this method), 100 mL of solution with a fixed adsorbate liquid phase concentration of 2 mg/L (see Table 3 for a list of adsorbates used in this study) were exposed to various dosages of fine ground GAC (1-15 mg). It was ensured that the particle size of the fine ground GAC was in all cases smaller than 45 μm. An average of five samples for each isotherm was conducted. This means that each adsorption isotherm consisted of approximately five measured points; in all cases the number of points was higher than four. Every isotherm was at least determined two-fold; the isotherms for the reactivated AC samples were determined in a four-fold determination. All substances could, due to the high concentrations (mg/L), easily be analyzed by spectrophotometry. This allowed for a fast, precise, and cheap analysis.
The experiments were conducted in water previously filtered with a reverse osmosis module (Osmose 190, Dennerle). The reverse osmosis filtrate was adjusted to a conductivity of ∼200 μS/cm and a pH of ∼7.4 by the addition of MgSO 4 , CaCl 2 , and NaHCO 3 (Carl Roth). This procedure ensured the reproducibility of the experiments. Moreover, it
provided (approximately) a single solute system as the adsorbates added were the only adsorbable compounds in the system (the background dissolved organic carbon concentration in the samples was <0.2 mg/L). In addition, samples with a very low DOC were a prerequisite for the spectrophotometric determination of the adsorbate concentration (DOC leads to a high background signal). The samples were shaken for 24 hours on a mechanical shaker (Gerhart). Subsequently, they were filtered in order to remove the fine ground GAC (glass fiber filters, Macherey Nagel) and the residual adsorbate concentration in solution was determined with a Perkin Elmer Lamda 20 spectrophotometer.
The solid phase concentration was calculated by applying a simple mass balance: 
Pilot plant experiments
The three reactivated AC samples were tested in a pilot plant in order to establish breakthrough curves for diatrizoate. The logarithm of the octanol/water partition coefficient logD is a measure for the hydrophobicity of a substance; the bigger it is, the more hydrophobic is a compound.
Hydrophobic molecules are usually better adsorbable onto AC as the surface of most ACs is considered hydrophobic.
a Ternes et al. (2007) .
This pilot plant was supplied with the effluent of the first layer of the double stage filters, i.e., the same water that was also supplied to the AC layer in the full-scale filters.
In the full-scale AC filters, the AC bedding sits on top of a support layer of gravel which contains several filter nozzles for the outflow of the water. This setup was downsized in the AC pilot plant filters. The pilot plant (see also Figure 2 ) consisted of PVC columns with a diameter of 140 mm; the filter bed height was 1 m. The bottom of the PVC columns contained a gravel support layer and a single filter nozzle.
They were operated at a filtration speed of 13 m/hr, i.e., at the same speed as the full-scale filters. Owing to a downselect after the small-scale tests it was decided to perform the pilot plant experiments with diatrizoate as test substance. The average diatrizoate concentration in the inflow was 175 ng/L, with a total organic carbon background concentration of ∼0.7 mg/L.
Sampling of the full-scale AC filters
A sampling device consisting of an industry vacuum cleaner and a disinfected stainless steel pipe was used for the depthsampling of the full-scale AC filter. The graded pipe was 5 m long to be able to reach different depths of the filter. For sampling of layer 1 (see Table 4 for the definitions of the different layers), the suction pipe was stabbed into the AC bedding through the manhole (Figure 1 ) to the desired level (the filter was drained before). The AC sample was sucked into the vacuum cleaner. Afterward, the AC was removed from the vacuum cleaner and restored for analysis.
The steel pipe was then pushed further into the bedding for sampling of layer 2, layer 3, and so on. This procedure yielded samples from each layer. It should be noted that it was important to maintain a constant entrance angle of the steel pipe into the filter.
RESULTS AND DISCUSSION

Reactivated AC samples: batch adsorption tests
The Freundlich approach (Freundlich ) was used for the evaluation of the bottle point isotherm results:
where K f is the Freundlich constant (an indicator of the adsorption capacity) and n is the Freundlich exponent (describes the shape of the isotherm). We defined the nitrobenzene number (NBN), the diclofenac number (DFN), and the diatrizoate number (DAN) as being the concentration of AC in mg/L that is needed to remove 90% of the initial concentration of the adsorbate under the experimental conditions defined above (C 0 ¼ 2 mg/L). It can easily be obtained by a combination of the Freundlich approach and a mass balance (DVGW ):
Consequently, the smaller these characteristic figures are, the higher is the adsorption capacity of the examined AC samples towards the specific adsorbate (providing that the experimental conditions are the same, as described above). and 7. In these graphs, the horizontal axis shows the specific throughput and the vertical axis shows the NBN and DAN.
As was expected, in general, an increase in both NBN and DAN was observed with increasing specific throughput of the filter, indicating a decrease of the adsorption capacity We recommend a similar survey with substances that are problematic on site for other water treatment facilities. A 
